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Basic-helix-loop-helix (bHLH) transcription factors regulate various aspects of tissue 
development. We have identified a novel bHLH transcription factor, AmeloD, from a rat 
tooth germ cDNA library and show its importance in tooth development in vivo and in 
vitro. We determined the role of AmeloD in tooth development by creating AmeloD 
knockout (KO) mice. For mechanistic analysis, we used the dental epithelial cell line 
CLDE. We found that AmeloD KO mice developed enamel hypoplasia and small teeth 
because of inhibition of the inner enamel epithelial (IEE) cell division and migration due 
to an increase in E-cadherin expression. Over-expression of AmeloD in CLDE cells 
suppressed endogenous E-cadherin expression and promoted cell division and migration. 
AmeloD also contributed to multiple tooth formation in Epiprofin (Epfn) KO mice by 
strongly promoting dental epithelial cell motility. These findings demonstrate the 
importance of AmeloD in the regulation of tooth morphogenesis through its modulation 





 Basic-helix-loop-helix (bHLH) 転写因⼦は様々な器官の形成において重要な役
割を持つことが知られている。我々はラット⾅⻭⻭胚遺伝⼦発現ライブラリを
⽤いて、新規 bHLH 転写因⼦ AmeloD を同定した。しかしながら⻭の器官形成に
おける AmeloD の役割は明らかになっていない。今回、我々は AmeloD ⽋損





上⽪細胞株 CLDE 細胞を⽤い、AmeloD 過剰発現による影響を検討した結果、
AmeloD 過剰発現細胞では E-カドヘリンの発現減少がみられ、細胞の移動能が上
昇した。 
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Ectodermal organs, such as teeth, have common feature that the epithelial-mesenchymal 
interactions are essential in development. Tooth development is a good model for 
understanding the mechanism of ectodermal development (Pipsa and Thesleff, 2003). 
Mouse molar morphogenesis is divided into four stages: initiation stage (Embryonic 
day11.5, E11.5), bud stage (E13.5), cap stage (E15.5), and bell stage (E17.5). At the 
initiation stage, the dental epithelium starts to thicken and invaginates into the 
mesenchymal region. This invagination process forms the tooth bud, and the dental 
epithelium condenses at the bud stage. After the cap stage, dental epithelial stem cells 
differentiate into various cell types to form enamel organ: inner enamel epithelium (IEE), 
outer enamel epithelium (OEE), stratum intermedium (SI), and stellate reticulum (SR). 
The IEE cells are ameloblast progenitor cells, a unique cell population in the proliferation 
stage, as they express proliferation markers but do not express E-cadherin, a negative 
regulator of cell division and migration (Li et al., 2012; Cai et al., 2014). The IEE cells 
actively proliferate and migrate to form the correct size of the enamel organ. After 
proliferation, IEE cells differentiate into enamel-secreting ameloblasts. Proliferative IEE 
cells persist near the apical tip of the root, and these continue to invaginate and form roots. 
After post-natal day 7 (P7), these cells form the Hertwig’s epithelial root sheath (HERS) 
with OEE. Adjacent mesenchymal cells then receive signals from IEE cells and 
differentiate into odontoblasts (Sohn et al., 2014; Li et al., 2017).  
 Tooth morphogenesis is regulated by several genes (Thesleff, 2003). For 
example, epiprofin (Epfn/Sp6) was previously identified as the essential transcription 
factor for tooth morphogenesis (Nakamura et al., 2004; 2008; 2017). In tooth 
development, Epfn is expressed in the dental epithelium at the initiation stage. Later, its 
expression is restricted to the ameloblast lineage, including IEE cells, and secretory and 
mature ameloblasts with increasing levels of its expression. Epfn is also expressed in 
mature odontoblasts. Epfn-deficient mice show severe enamel hypoplasia by inhibition 
of the proliferation of the IEE cells and ameloblast differentiation, but they also develop 
supernumerary teeth formation by random dental epithelial cell invagination (Nakamura 
et al., 2011). More recent study demonstrates that Epfn regulates the balance between cell 
proliferation and cytodifferentiation in dental epithelial and mesenchymal cells during 
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tooth development and morphogenesis (Nakamura et al., 2017). The spatiotemporal 
regulation of the epithelial-mesenchymal interaction in the developmental stages leads to 
the formation of the proper tooth shape. The cell type-specific basic helix-loop-helix 
(bHLH) transcription factors are known key regulators of certain organ morphogenesis 
(Rudnicki et al., 1993; Poulin et al., 1997; Jones 2004).  During tooth morphogenesis, 
several bHLH transcription factors play important roles through epithelial-mesenchymal 
transition (Abe et al., 2002; Borkosky et al., 2008; Rice et al., 2005; Zhang et al., 2012). 
However, few reports have sought tooth specific bHLH transcription factors. Recently, 
we have identified a novel bHLH transcription factor, AmeloD, from a rat tooth germ 
cDNA library using a yeast two-hybrid system (unpublished data). AmeloD forms a 
heterodimer with E12 and binds to E-box cis-elements on the E-cadherin promoter to 
suppress its transcriptional activity. By northern blot analysis from various tissues, we 
found that AmeloD is specifically expressed in developing teeth and showed restricted 
expression in the IEE.  
 AmeloD is a homologue of the Achaete-scute family bHLH transcription factor 
5 (Ascl5), belonging to the Achaete-scute complex originated in Drosophila. Although 
Ascl5 was recognized in the mammalian genome, its expression patterns and functions 
remained unknown. Here, we describe a role for AmeloD in tooth development. AmeloD 
KO mice showed enamel hypoplasia and a reduction in dental epithelial cell invagination 
and later formed smaller crowns and shorter molar roots compared with control molars. 
We found that AmeloD plays important roles in supporting proper tooth germ growth by 
E-cadherin suppression. We further analyzed the relationship of cell migration and tooth 
morphogenesis by creating AmeloD; Epfn double KO mice. We found that AmeloD 
contributed to the multiple tooth formation observed in Epfn KO mice by the promotion 
of dental epithelial cell migration. Our results suggest that AmeloD acts as a suppressor 
of E-cadherin to promote dental epithelial cell migration and that it regulates dental 







Material and Methods 
Generation of AmeloD KO mice 
The zinc-finger nuclease (ZFN) construct was designed by CompoZr™ Custom ZFN 
(Sigma) in AmeloD. The targeting construct was injected into ES cells. The AmeloD gene 
has two exons: non-coding exon1 (1-178) and coding exon2 (9599-11347 The AmeloD 
coding sequence (CDS) is 567 base pairs (bp) long encoded by exon2 (10091-10658). We 
designed the targeting construct as shown in Fig. 2 A. The 39-base pair ZFN binding 
sequence (10115-10154) is located near the transcriptional start site (Fig. 2 A). Fertilized 
eggs were microinjected with the targeting construct and were implanted into the 
pseudopregnant mice. Two AmeloD KO mouse lines were created. Both two targeted 
AmeloD locus were mutated by deleting 1bp in the CDS of exon 2 and causing a 
frameshift mutation, resulting in a termination codon soon after the deletion. These two 
mouse lines showed similar tooth phenotype. The AmeloD KO mouse line was 
maintained by cross-mating with FVB/N mice. The animal protocol for maintaining mice 
was approved by the NIDCR Animal Care and Use Committee. All animals were housed 
in an animal facility approved by the American Association for the Accreditation of 
Laboratory Animal Care.  
 
Cell culture and transfection 
The mouse cervical loop derived dental epithelial cell line CLDE was established by 
dissecting tissues from the cervical loop (CL) region of the mandible incisors of E15.5, 
as described previously (Yoshizaki et al., 2014). CLDE cells were maintained in a 
keratinocyte serum-free medium (K-SFM) supplemented with EGF and BPE (Invitrogen). 
Cells were maintained in 37% CO2. For the MTT assay and western blotting, CLDE cells 
were transfected with the AmeloD expression vector (AmeloD-pCA1 vector) using 
Lipofectamine® LTX with PlusTM Reagent (Invitrogen). For the hanging drop culture and 
wound healing assay, CLDE cells were infected with 100 multiplicity of infection (moi) 
of Adeno-associated virus expression vectors, Adeno-GFP expression vector, and Adeno-
AmeloD expression vector in DMEM/F12 without serum. After infection of adeno-
associated virus vectors, CLDE cells were maintained in DMEM/F12 with 10% fetal 
bovine serum. 
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Scanning Electron Microscope (SEM) 
The incisors and 1st molars of six-week-old mice were extracted and embedded in EMbed 
812 Kit (Electron Microscopy Science). The incisors were sectioned at the apical one-
third, and molars were sectioned in the middle sagittally. The sectioned layer was etched 
with 0.1% nitric acid for 10 sec for three times and with 10% sodium hypochlorite for 15 
sec. After etching, 5 nm sputter coating with gold-palladium was performed. The samples 
were scanned by SEM (ZEISS Gemini2). 
 
Radiographic and microtomography (micro-CT) analysis 
The heads from three-month-old mice were dissected out and sliced sagittally from the 
midline. X-ray imaging was performed with the X-ray source at 40 s × 25 kV using MX20 
Faxitron (X-ray Corporation). For micro-CT analysis, the heads of a six-month-old mice 
were dissected and fixed with 4% paraformaldehyde (PFA) in phosphate-buffered saline 
(PBS). Scanning was performed using a SCANCO µCT50 device. The micro-CT images 
were acquired with the X-ray source at 80 kVp. The data were collected at a resolution of 
2 µm. The 3D reconstruction and enamel and dentin volume quantification were 
conducted using AnalyzePro (AnalyzeDirect). 
 
Histological analysis and immunofluorescence staining analysis 
For histological analysis, several stages of developing mice heads were dissected and 
fixed with 4% PFA in PBS overnight at 4 °C. After fixation, head samples were trimmed. 
E17 and P1 mice head samples were dehydrated through 10% and 25% sucrose for 
embedding in OCT compound (Sakura Finetek) as frozen block. Frozen sections were cut 
at 8 µm on a cryostat 800 (Leica).  P3, P10 and P14 heads were decalcified with 12.5% 
EDTA/4% PFA in PBS for 1 month, followed by serial concentration in ethanol and 
embedded in paraffin. Paraffin sections were cut at 8 µm using a microtome RM2155 
(Leica). Paraffin-embedded samples were deparaffinized with xylene and were 
dehydrated with a 100% to 70% ethanol series. 
 For H-E staining, sections were stained with Hematoxylin2 and Eosin Y 
(Thermo Fisher Scientific). For immunostaining, antigen retrieval was performed with 
L.A.B. solution (Cosmo Bio) for frozen sections and with citrate buffer (Sigma) for 
paraffin sections. After antigen retrieval, the sections were incubated in Power Block 
 8 
reagent (Genetex) for 20 min prior to incubation with the primary antibody. The following 
primary antibodies were used in our study: Keratin 5 (COVINSE, 1:400), Vimentin 
(Abcam, 1:100), E-cadherin (Cell Signaling, 1:200), and N-cadherin (Novus Biologicals, 
1:200). Rabbit polyclonal antibody to the AmeloD peptide was raised and purified by a 
peptide affinity column. Primary antibodies were detected by Alexa Fluor 488-conjugated 
antibody (Invitrogen, 1:400) and Cy-5-conjugated secondary antibody (Jackson 
ImmunoResearch, 1:400). Nuclear staining was performed with DAPI (Sigma). Images 
were captured using a Nikon A1R confocal laser microscope system (Nikon).  
 
In Situ Hybridization 
Digoxigenin-11-UTP-labeled single-strand RNA probes for AmeloD sense-strand and 
anti-sense-strand were prepared using the digoxigenin RNA labeling kit (Roche 
Diagnostics).  Frozen tissue sections of P7 mouse head were placed on RNase-free glass 
slides. After drying, frozen sections were treated with 10 µg/ml of proteinase K for 15 
min. Hybridization was performed in 2×SSC containing 50% formamide at 50 °C, and 
washes were carried out with 2×SSC containing 50% formamide at 65 °C. The slides 
were then subjected to digestion with 10 µg/mL RNase A in 10 mM Tris-HCl, pH 7.5, 
500 mM NaCl, 1 mM EDTA at 37 °C for 30 min and were then washed. The sections 
were treated with 2.4 mg/ml Levamisol (Sigma) to inactivate endogenous alkaline 
phosphatase. The Genius Detection System (Roche Applied Science) was used to detect 
signals according to the manufacturer's instructions. 
 
RT-PCR and Real-time PCR 
Total RNA was isolated using the RNeasy kit (Qiagen), as per the manufacturer’s protocol. 
cDNA was synthesized from 500 ng of total RNA using iScriptTM RT Supermix for RT-
qPCR (Bio-Rad). qRT-PCR was performed using iQTM SYBR® Green Supermix (Bio-
Rad) using CFX384 Touch Real-Time PCR Detection System. Relative mRNA 
expression was determined by GAPDH as an internal control.  
 
Hanging drop method 
Forty-eight hours prior to the experiments, CLDE cells were infected with an Adeno-GFP 
or Adeno-AmeloD expression vector. The cells were dissociated from the plate using 
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0.25% Trypsin-EDTA (Gibco). For the hanging drop culture, 3×106 cells were 
concentrated in a 20 µl drop. After 24 h incubation, cell spheroids were imaged by AMG 
EVOS Microscopy. The captured images were analyzed by ImageJ software. 
 
In vitro wound healing assay 
CLDE cells were plated into an ibidi® 2-well cell culture insert in 4×104 cells per well. 
The next day, the cells were infected with Adeno-GFP or Adeno-AmeloD expression 
vector. After 24 h, the ibidi® insert was removed and washed with PBS. CLDE cells were 
captured using Axiovert 135XT microscopy 24 h in DMEM/F12 plus 1 ng/ml TGF-β1 as 
a time lapse image. The relative wound area was calculated by ImageJ. 
 
Western blotting 
The P1 Tooth germ was dissected, and the total protein was harvested with T-PER® Tissue 
Protein Extraction Reagent (Thermo Fisher Scientific). The protein amount was measured 
by using the Micro BCATM Protein Assay Reagent (Thermo Fisher Scientific), and 10 µg 
of protein was loaded onto a NuPAGE® Bis-Tris Gel. Western blotting was performed as 
previously described (Nakamura et al. 2016). 
 
MTT assay 
The CLDE cells were plated on a 96-well plate at 4×103 cells/well. At day 0, 1, 2 and 3 
after transfection, the cell proliferation activity was measured using a Cell Counting Kit-
8® (Dojindo). Two hours after incubation at 37 ℃ with reagent in K-SFM, the absorbance 




EdU staining was performed using Click-it® Plus reagent (Invitrogen), following the 
manufacturer’s protocol. As in the in vitro experiment, 48 h prior to the assay, The CLDE 
cells were transfected with the AmeloD expression vector. The cells were incubated with 
10 µm EdU containing K-SFM media for 4 h. The EdU-positive ratio was measured using 
ImageJ. As in the in vivo experiment, pregnant mice were injected peritoneally with 1.5 
µg of EdU in saline. After 4 h, the mice were euthanized in CO2 and E18 pups were 
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immediately dissected for experiments. 
 
Statistics 
A two-tailed Student’s t test was applied for statistical analysis. A p value of <0.05 was 































AmeloD-KO mice develop enamel hypoplasia and small teeth 
We first analyzed AmeloD expression during tooth development. We performed 
immunostaining of AmeloD in embryonic day (E) E12, E14, and E17 and in postnatal 
day (P) P10 molars (Fig. 1). AmeloD was expressed in the thickening dental epithelium 
of in E12 molars, and in the invaginating epithelium of E14 molars. In P10 molars, 
AmeloD was not expressed in the differentiated ameloblasts, but it was expressed in the 
inner enamel epithelium (IEE) cells in the apical root tip. These results indicate that 
AmeloD is expressed in the IEE. However, although AmeloD is strongly expressed in 
proliferating IEE cells, once the IEE cells differentiate into ameloblasts, AmeloD is no 
longer expressed. AmeloD was not expressed in odontoblast. 
  We also sought to identify the in vivo function of AmeloD by creating AmeloD 
KO mice using zinc-finger nuclease technology (Fig. 2). We analyzed the genotype of the 
generated mice by DNA sequencing (Fig. 2 B) and obtained two mouse lines that had the 
identical one-bp deletion in the cut site; this deletion caused a frameshift and induced an 
early termination codon. In the wild type (WT) mice, the AmeloD protein is composed 
of 189 amino acids (aa) and contains a basic-helix-loop-helix domain (Fig. 2 C). In 
contrast, the AmeloD KO mice contained a pre-mature AmeloD protein that was 
composed of only 19 aa. As a result, we did not detect truncated AmeloD protein using 
the anti-AmeloD antibody in KO tooth germs (Fig. 3, A and B).  
 The two AmeloD KO mouse lines showed the same phenotype. AmeloD KO 
mice were fertile, and their teeth erupted as normal. However, the six-week-old incisors 
were chalky white in color, indicating enamel hypoplasia (Fig. 3 C). Radiographic 
analysis revealed that AmeloD KO molars developed shorter roots when compare with 
WT (Fig. 3 D). We extracted WT and AmeloD KO molars from three-month-old mice; at 
this age, root formation was completed (Fig. 3 E). Measurements of tooth crown size and 
root length revealed that AmeloD KO teeth had small crowns and short roots (Fig. 3 F). 
 We further examined the tooth phenotypes by SEM) analysis of the incisors and 
micro-CT analysis of the heads of six-week-old WT mice and AmeloD KO mice (Fig. 4). 
The enamel layer in the AmeloD KO incisors was less elongated on both the labial and 
lingual sides. In the AmeloD KO incisors, the outer enamel layer was absent (Fig. 4 A). 
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In the micro-CT analysis, bone abnormalities of the heads and mandibles were not 
observed (Fig. 4 B). We found tooth size differences between WT and AmeloD KO teeth: 
the molars developed small cusps, abnormal cusp patterning, and fused root canals (Fig. 
4 C). In addition, the total enamel volume and the dentin volume of the AmeloD KO 
molars were about 20 % less than observed in WT molars (Fig. 4 D); however, enamel 
and dentin mineral density was similar between WT and AmeloD KO mice (Fig. 4 E). 
 
Deletion of AmeloD inhibits migration of inner enamel epithelium through E-cadherin 
expression 
We performed a histological analysis of developing molars to determine the details of the 
tooth abnormalities (Fig. 5). First, we analyzed the histological differences between WT 
and AmeloD KO molars by H-E staining (Fig. 5 A). The bud stage (E13) showed no 
obvious differences between WT and AmeloD KO molars. The bell stage (E16) molars 
were smaller for AmeloD KO than were WT molars. After the crown formation (P14), the 
enamel thickness and dentin thickness were thinner, which, in AmeloD KO molars  
resulted in a smaller crown size. At this stage, the developing root width was also smaller 
in AmeloD KO molars. These results indicate that tooth germ growth was inhibited by 
deletion of AmeloD.  
  Tooth germ growth is regulated by the migration and proliferation activity of 
the IEE cells, while E-cadherin negatively regulates the cell division and migration 
activity of the IEE cells (Obara et al., 1998; Li et al., 2012). We therefore sought to 
identify the mechanism of tooth growth inhibition by immunofluorescence staining 
analysis of E-cadherin in P1 WT and AmeloD KO incisors (Fig. 5 B). The WT incisors 
did not express E-cadherin in the IEE cells. However, once the IEE cells differentiated 
into ameloblasts, the ameloblasts expressed E-cadherin strongly to retain their polarity. 
By contrast, the AmeloD KO incisors expressed in the IEE cells. 
  We next examined the AmeloD effect on the proliferation activity of the IEE 
cells by immunofluorescence staining analysis of Ki67, a proliferation maker, in P1 WT 
and AmeloD KO incisors (Fig. 5 C). In both of the WT and AmeloD KO incisors, Ki67 
was strongly expressed in the IEE cells, suggesting that the proliferation activity of the 
IEE cells was not affected by the deletion of AmeloD. These results suggest that the cell 
division and migration activity of the IEE cells were inhibited by E-cadherin expression 
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caused by the deletion of AmeloD (Fig. 5 D). 
 
AmeloD promotes in vitro migration of dental epithelial cell 
In AmeloD KO mice, E-cadherin continued to be expressed in the proliferative IEE, 
suggesting an inhibition of the division and migration activity of the IEE. We found that 
AmeloD suppressed E-cadherin transcriptional activity by binding to its promoter region 
(unpublded data), suggesting that AmeloD is required for E-cadherin modulation in the 
IEE. We determined the activity of AmeloD in dental epithelial cell migration by 
analyzing the AmeloD function in a hanging drop culture of AmeloD-overexpressed 
CLDE cells. We compared spheroid formation by a hanging drop culture in Adeno-GFP-
AmeloD-infected CLDE cells with that in control Adeno-GFP infected cells (Fig. 6 A). 
The control CLDE cells formed a mass of spheroids in 24 h. However, the AmeloD over-
expressing CLDE cells failed to form a similar mass of spheroids; instead, they formed 
separated and less dense of cell aggregations. This result suggested an inhibition of 
spheroid compaction by AmeloD expression. Measurement of the largest spheroid size in 
a drop revealed that spheroids were significantly smaller for the AmeloD over-expressing 
cells than for the control (Fig. 6 B).  
 We then performed a wound healing assay using the CLDE cells (Fig. 6, C and 
D). The cell migration was significantly promoted by overexpression of AmeloD in the 
CLDE cells, whereas cell proliferation activity was not affected (Fig. 7). 
 
Epfn-deficient dental epithelium undergoes random invagination into the dental 
mesenchyme regions and results in multiple teeth  
Epiprofin/Sp6 (Epfn) is an Sp zinc-finger family transcription factor that is essential for 
ameloblast development (Nakamura et al., 2008; 2017). Epfn is expressed in the IEE, 
ameloblasts, and odontoblasts (Aurrekoetxea et al., 2016; Jimenez-Rojo et al., 2010; 
Nakamura et al. 2004) (Fig. 8). Epfn has multiple functions in developing ameloblast 
lineages, including promotion of IEE cell proliferation and its differentiation into 
ameloblasts (Nakamura et al., 2008; 2011). The IEE cells of Epfn KO teeth show 
drastically reduced proliferation activity (Nakamura et al. 2008). In addition, in the 
absence of Epfn, the dental epithelial stem cells fail to differentiate into ameloblasts 
(Nakamura et al. 2008). These premature dental epithelial cells do not polarize, and they 
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show abnormal invagination into the mesenchymal region (Nakamura et al. 2008; 2011). 
This random invasion of the dental epithelium results in multiple branching and the 
formation of supernumerary teeth in the Epfn KO mice (Nakamura et al. 2008; 2011). 
 We further characterized the dental epithelial cells in Epfn KO teeth by 
immunofluorescence staining analysis of E-cadherin in E17 molars. The invading 
epithelia showed a reduction in E-cadherin expression in the presumptive IEE region, 
indicating that an abnormal migration caused by random invasion (Fig. 9). Interestingly, 
this region showed loss of Keratin 5 and started to express N-cadherin and vimentin, 
suggesting an association between partial epithelial-mesenchymal transition (EMT) and 
this invasion. 
 
AmeloD contributes to the abnormal dental epithelium invasions into the mesenchyme in 
Epfn KO teeth 
Our data suggested an important role of AmeloD in the IEE cell migration and 
invagination; therefore, we hypothesized that AmeloD may play a role in the random 
dental epithelium invasions into the mesenchyme observed in Epfn KO teeth (Nakamura 
et al. 2008; 2011). First, we examined AmeloD expression in the developing teeth of Epfn 
KO mice (Fig. 10). AmeloD mRNA was not detected in the differentiated ameloblasts of 
the WT P7 1st molar (Fig. 10 A). In the WT P7 2nd molar, IEE cells were not yet fully 
differentiated, and AmeloD was being expressed. By contrast, in Epfn KO P7 molars, the 
dental epithelium continuously expressed AmeloD, suggesting that AmeloD may 
contribute to multiple tooth formation through the abnormal dental epithelium invasions.  
 At E17, the Epfn KO dental epithelium started to show multiple branching, and 
the AmeloD protein was expressed strongly in the invading epithelium regions (Fig. 10 
B). We clarified the relationship between multiple tooth formation and the AmeloD 
expression by creating AmeloD and Epfn double-knockout (AmeloD; Epfn KO) mice. 
Epfn KO mice developed more than 50 teeth at 3 months of age, whereas AmeloD; Epfn 
KO mice developed fewer teeth (Fig. 11 A). The AmeloD; Epfn KO mice erupted only 1-
2 incisors at 3 months of age. Similar to the Epfn KO mice, AmeloD; Epfn KO mice lacked 
enamel on their teeth. Radiographic analysis also showed a drastic reduction in the incisor 
size (Fig. 11 B). In the molar development, Epfn KO molars could not develop the roots 
of molars because of defects in the root-forming dental epithelium. Similarly, AmeloD; 
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Epfn KO molars lacked roots, suggesting that root formation was disturbed. We 
confirmed the incisor length difference by measuring the length of extracted incisors (Fig. 
11 C). The AmeloD; Epfn KO incisors were significantly shorter than the Epfn KO 
incisors. We also analyzed the total dentin volume of incisors or molars by micro-CT 
analysis of teeth of six-week-old Epfn KO and AmeloD; Epfn KO mice (Fig. 11 D). We 
found that the dentin volume was drastically reduced in the AmeloD; Epfn KO incisors 
and molars compared with that of Epfn KO teeth (Fig. 11 E). 
  For further analysis, we performed a histological analysis of P1 Epfn KO and 
AmeloD; Epfn KO teeth (Fig. 12). The Epfn KO incisors showed multiple branching in 
the cervical loop-like region and resulted in the formation of multiple incisors. Although 
the AmeloD; Epfn KO incisors showed multiple branching in the cervical loop-like region, 
dental epithelium expansion was inhibited. In Epfn KO molars, the dental epithelium 
showed random invasions into the mesenchymal regions. In AmeloD; Epfn KO molars, 
the dental epithelium also showed random invasions, but the elongation of the epithelium 
invasions into the mesenchymal regions was inhibited (Fig. 12 A). We analyzed the 
mechanism of these differences in epithelium invasions by immunofluorescence staining 
analysis of E-cadherin in P1 Epfn KO and AmeloD; Epfn KO molars (Fig. 12 B). In the 
Epfn KO molars, the invading epithelia cells did not express E-cadherin. However, in the 
AmeloD; Epfn KO molars, these invading cells strongly expressed E-cadherin, suggesting 
that the dental epithelium invasions were inhibited. These results suggested that AmeloD 
promotes epithelium invasions by suppressing E-cadherin expression in the invading 














In this study, we demonstrated a role for the novel tooth-specific bHLH transcription 
factor, AmeloD, in tooth development. We observed phenotypes in AmeloD KO teeth, but 
not in other tissues. This corresponds to the specific expression pattern of AmeloD in 
developing teeth. AmeloD was expressed in the IEE cells from the bud stage to the root 
formation stage (Fig. 1) and contributed to the migration of the IEE cells by suppressing 
the E-cadherin expression. The AmeloD-deficient teeth showed increased expression of 
E-cadherin in the IEE cells (Fig. 5 B); consequently, the migration and division of those 
IEE cells were inhibited. The AmeloD KO mice showed a similar tooth germ size to that 
observed in the WT mice in the bud stage (Fig. 5 A). However, after the cap stage, the 
AmeloD KO tooth germs were significantly smaller than those of the WT teeth. In 
addition, the IEE migration into the root formation was inhibited. The AmeloD KO teeth 
developed small crowns and short roots of teeth because of the inhibition of the tooth 
growth (Fig. 4).  
 Many genes are associated with enamel hypoplasia (Wright et al. 2015; Lacruz 
et al. 2017). The AmeloD KO incisors were chalky-white in color, which is indication of 
enamel hypoplasia (Fig. 3 C). This incisor surface color change is corresponding to the 
enamel surface abnormality observed in the SEM analysis (Fig. 4 A). The enamel volume 
was also reduced by the deletion of AmeloD (Fig. 4 B). In AmeloD KO teeth, IEE cells 
could not expand to form correctly sized tooth germs because of the inhibition of cell 
migration.; tooth germ sizes control the enamel and dentin volume. The number of 
ameloblasts was also less in AmeloD KO teeth because of the inhibition of cell division. 
Reduced numbers of ameloblasts in AmeloD KO teeth secrete a lesser volume of enamel 
matrices compared to WT teeth and fail to form the outer enamel layer. 
 During tooth morphogeneis, it was reported that several kinds of bHLH 
transcription factor involve in tooth development, such as dHand/Hand2, Math1 and 
Twist1 (Abe et al., 2002; Borkosky et al., 2008). dHand2 shows restricted expression in 
lower incisor and it is suggested that dHand2 has function on mesenchymal cell 
differentiation and apoptosis of the dental cells. Math1 is expressed in differentiated 
ameloblast and odontoblast later than P3 molars. It is suggested to be involved in both 
ameloblast differentiation and odontoblast differentiation however its function remains 
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unclear. Twist1 is expressed in dental mesenchyme and important for odontoblast 
differentiation. Mesenchymal-specific conditional Twist1 KO mice develop defective 
crown dentin and enamel. The deletion of Twist1 in the dental mesenchyme inhibits 
odontoblast differentiation by suppression of FGF signaling pathway and ameloblast 
differentiation is delayed (Meng et al., 2015). In this report, we found that AmeloD shows 
restricted expression pattern in proliferative IEE, therefore we propose AmeloD has 
distinct role in tooth development. 
 The AmeloD expression was restricted to the IEE cells and AmeloD regulated 
IEE cell migration; however, dentin volumes in AmeloD KO teeth were also affected 
despite of no AmeloD expression in odontoblast. We assume that this is secondary effect 
f the inhibition of IEE cell migration because the adjacent mesenchymal cell development 
requires for signals from the IEE cells through the epithelial-mesenchymal interaction to 
differentiate into odontoblasts. Thus, AmeloD regulates the whole tooth size by promoting 
IEE cell division and migration. The modulation of E-cadherin expression by AmeloD is 
consistent with our previous report that AmeloD binds to the E-box cis-regulatory 
element in the E-cadherin promoter region to suppress E-cadherin transcriptional activity 
in the dental CLDE epithelial cell line (unpublished data). 
 Modulation of E-cadherin expression is important for epithelial cell dynamics 
in organogenesis because E-cadherin acts as a negative regulator of cell division and 
migration (Cai et al., 2014). For example, Btbd7, a member of the BTB domain-
containing protein family, is essential for cleft formation during in vitro branching 
morphogenesis through downregulation of E-cadherin (Onodera et al., 2010; Sakai et al., 
2013). A more recent report reveals that Btdb7 functions as a negative regulator of E-
cadherin by promoting E-cadherin ubiquitination and degradation (Daley et al., 2017). 
Epithelium-specific conditional Btdb7 KO mice develop smaller salivary glands, lungs, 
and kidneys when compared to WT mice, because of the inhibition of the division and 
migration of bud epithelial cells through the upregulation of E-cadherin expression 
(Daley et al., 2017). Thus, regulation of epithelial cell division and migration through a 
modulation of E-cadherin expression is critical for the proper sizes of organs of 
ectodermal origin.  
 Both cell migration activity and cell proliferation activity are important for 
tooth germ growth; however, AmeloD did not affect the cell proliferation activity of IEE 
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cells. In the AmeloD KO mice, IEE cells retained the cell proliferation markers Ki67 and 
PCNA, and the EdU incorporation assay was similar to that of the WT (Fig. 5 C). Not did 
the over-expression of AmeloD in CLDE cells affect cell proliferation activity (Fig. 7). 
The IEE cell proliferation is the most likely regulated by Epfn. This supposition is 
supported by several evidences. For example, Epfn KO teeth show a severe inhibition of 
the proliferation of IEE cells (Nakamura et al., 2008). In addition, a low level of the 
exogenous Epfn expression promotes the proliferation of CLDE cells, whereas a high 
level of Epfn expression promotes the CLDE differentiation to ameloblasts (unpublished 
data). The basal layer of the epidermis contains stem cells and proliferating transit 
amplifying (TA) cells equivalent to IEE cells in developing teeth. The Epfn KO epidermis 
shows a sever reduction in TA cell proliferation (Nakamura et al., 2014). A low level of 
the exogenous Epfn expression in the keratinocyte line HaCaT cells promotes the 
proliferation of HaCaT cells, whereas a high level of Epfn expression promotes HaCaT 
cell differentiation into keratinocytes (Nakamura et al., 2014). In the keratinocyte cell 
proliferation, Epfn functions as a cell cycle regulator by binding to Cdk4 and promoting 
the phosphorylation of Rb to activate the transcription factor E2F for cell cycle 
progression (Nakamura et al., 2014). In the AmeloD KO teeth, the Epfn expression was 
similar to the WT (data not shown). Therefore, despite the inhibition of the cell migration 
and division in the absence of AmeloD, cell proliferation was not suppressed because 
Epfn was expressed in the IEE cells in AmeloD KO teeth.  
 The defect in the IEE cell division and migration resulted in a narrow width of 
early-stage incisors in the early stage of AmeloD KO mice; however, the length of the 
incisors was similar to that of the WT, perhaps because of the continuous growth of adult 
incisors. In contrast, the size of the molars in the AmeloD KO mice was smaller than the 
WT molars because the IEE cells disappear after differentiation into ameloblasts or the 
completion of root formation. Interestingly, the AmeloD; Epfn KO mice showed a drastic 
difference in tooth size compared with the Epfn KO mice (Fig. 11). This is because the 
cell proliferation activity was suppressed by the deletion of Epfn. 
 EMT is a process that contributes to organogenesis and cancer metastasis 
(Kalluri et al., 2009; Lim et al., 2012). In EMT, epithelial cells lose their polarity and cell-
cell adhesion activity, thereby gaining migration capacity. Suppression of E-cadherin 
expression is commonly observed in the EMT (Lamouille et al., 2014). Various 
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transcription factors that can suppress E-cadherin have been reported as the EMT-
transcription factors (EMT-TFs). We Previously suggested that AmeloD is an EMT-TF. 
Twist1, a bHLH transcription factor, is a known EMT-TF (Peinado et al., 2007). During 
tooth development, Twist1 is expressed in the mesenchyme, and mesenchymal-
conditional Twist1 KO mice show an inhibition of odontoblast differentiation caused by 
the inhibition of epithelial-mesenchymal interaction (Meng et al., 2015). In Epfn KO mice, 
the dental epithelial cells failed to polarize, and after the bell stage, the immature dental 
epithelium randomly invades into the mesenchymal region to form multiple teeth 
(Nakamura et al., 2008; Nakamura et al., 2011; Li et al., 2016). In the present study, we 
demonstrated that in the Epfn KO teeth, expression of AmeloD in the invading dental 
epithelial cells caused abnormal migration of epithelial cells through the EMT processes. 
These invasive dental epithelial cells did not express E-cadherin, but they expressed the 
mesenchymal markers, N-cadherin and Vimentin (Fig. 9). In contrast, in AmeloD; Epfn 
KO mice, dental epithelial cells expressed E-cadherin, and epithelial cell invasion was 
inhibited. This, in turn, reduced the number and the size of multiple teeth.  
 These results suggest that AmeloD contributes to multiple tooth formation; 
however, some continuous formation of the multiple teeth was still observed in the 
AmeloD; Epfn mice. We found that the invasive dental epithelium of Epfn KO mice 
strongly expressed AmeloD as well as Twist1 (data not shown). The increased expression 
of Twist1 may contribute the random invasion of dental epithelium in the Epfn KO mice. 
We need further analysis of the regulatory mechanism of AmeloD transcription and the 
relationship between AmeloD and Twist1. In the normal tooth development processes, 
IEE cells in the proliferation stage suppress E-cadherin expression, but do not express 
mesenchymal markers, such as N-cadherin. This indicates that IEE cells do not assume 
the mesenchymal phenotype; instead, they gain migratory properties by a partial EMT 
controlled by AmeloD. Thus, AmeloD plays an important role in promoting cell migration 
by the suppression of E-cadherin expression as a partial EMT in normal development. 
 In summary, we identified the novel mechanism for the regulation of E-
cadherin by AmeloD in tooth development. Our in vivo and in vitro results suggest that 
AmeloD is expressed in the IEE cells and that it suppress E-cadherin expression. As a 
result, the IEE cells gain migration capacity to increase tooth size. Taken together, our 
findings reveal that AmeloD is a novel factor that regulates tooth size in development. 
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These findings provide the new insights into the mechanism of ectodermal organ 
development. 
 We believe that these findings will be contribute to identify the responsible gene 
of enamel hypoplasia and abnormality in tooth morphology such as microdontia. In the 
field of pediatric dentistry, we need to manage oral circumstances depending on the 
individual risk factors to archive healthy oral development. Identification of the genes 
that are important for tooth development will support the assessment of risk factors. In 
future, the diagnosis based on whole-genome sequencing may establish the standard of 
genetic caries risk and provide new insights for prediction of crown width. Our data 
suggested that ectopic AmeloD expression in Epfn KO teeth caused the epithelial cell 
invasion into mesenchymal region and formed super numerary teeth. We think this 
phenomina is related to the metastasis of cancer. Further analysis of AmeloD function in 
pathological condition may contribute the assessment of metastasis risk in dental 
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Figures and Figure Legends 
 
 
Figure 1.          Chiba et al., 
 
 
Figure 1. AmeloD expression in developing molars. Immunofluorescence staining analysis 
of AmeloD expression using an anti-AmeloD antibody in the E12, E14, E17, and P10 molars. Green: 
AmeloD, Blue: DAPI. de: dental epithelium, dm: dental mesenchyme, iee: inner enamel epithelium, 
sr: satellite reticulum, am: ameloblast, dp: dental pulp. The dashed lines indicate the borders between 





















Figure 2.          Chiba et al., 
 
Figure 2. Targeting strategy for AmeloD KO mice. (A) ZFN binds to nearby the cut site 
and deletes one base pair (bp) in the cut site. Arrows indicate primer locations for genotyping. (B) 
DNA sequences of the ZFN binding site in the AmeloD locus. The cut site is shown in a boxed 
region. In the AmeloD-/- (KO) mice, the one bp was deleted from the cut site. In the AmeloD KO 
mice, both wild type (WT) and knockout alleles were detected. (C) The AmeloD amino acid 
sequence of the WT and AmeloD KO product. In the WT mice, AmeloD consist of 189 amino acid 
(aa) and it has a basic-helix-loop-helix domain located in 80-134 amino acid residues. In the KO 



















Figure 3.          Chiba et al., 
 
Figure 3. Teeth phenotype analysis of AmeloD KO mice. (A) Western blots of AmeloD, 
protein lysates from WT and AmeloD KO P1 molars were analyzed by electrophoresis on a 4-12% 
Bis-Tris SDS gel. Proteins on the gel were transferred to a PVDF membrane and the AmeloD protein 
was stained with the AmeloD antibody (M.W., 25 kDa). In the KO molars, AmeloD was not detected 
in the KO molars. a-tubulin (M.W., 52 kDa) and b-actin (M.W., 42 kDa) were shown as internal 
controls. (B) Immunofluorescence staining analysis of AmeloD in WT and AmeloD KO P1 molars. In 
the WT, AmeloD was expressed in the inner enamel epithelium (dotted region) but not in the KO. 
Green: AmeloD, Blue: DAPI for nuclear staining Scale bar, 20 µm. (C) Photographic analyses of 6-
week-old WT and AmeloD KO incisors. AmeloD KO incisors were chalky-white in color. (D) 
Radiographic analysis of 6-week-old WT and AmeloD KO heads. Molars had shorter roots in AmeloD 
KO mice in the WT molars. Skeletal abnormality was not observed. The dashed lines indicate the 
border of the 1st molar roots. Scale bar, 1000 µm. (E) Photographic analyses of the extracted 1st molars 
from 3-month-old WT and AmeloD KO mice. The orange arrows indicate crown heights and green 
arrows indicate root lengths of the 1st molars. Scale bar, 1000µm. (F) The crown heights and root 
lengths of the 1st molars from 3-month-old WT and AmeloD KO mice. Molars had a significantly 






Figure 4.          Chiba et al., 
 
Figure 4. Scanning electron microscopy (SEM) analysis and Micro-CT analysis of 
AmeloD KO and wild-type mice. (A) SEM analysis of 6-week-old WT (a, b) and AmeloD KO 
(c, d) incisors. AmeloD KO enamel is narrower than WT (a, c, the dashed lines indicate enamel). In 
AmeloD KO incisor, outer aprismatic enamel was not observed (b, d, the dashed lines indicate outer 
enamel layer). en: enamel, de: dentin, re: resin, oe: outer enamel layer. (B) Micro-CT analysis of 6-
week-old WT and AmeloD KO mouse heads. Skeletal abnormality was not observed. (C) Micro-CT 
analysis of 6-week-old WT and AmeloD KO molars. In a lateral view, AmeloD KO molars were 
smaller than WT molars. Note that the crown cusps were less developed in AmeloD KO molars. In the 
occlusal view, the cusp shapes showed abnormality. In the scan slices, the enamel layer and dentin 
layers were thinner in AmeloD KO molars than in WT molars. The root canal shape was abnormal.  
(D) The total enamel volume and the dentin volume of 6-week-old WT and AmeloD KO molars. The 
ratio of the volume (KO/WT) is shown as the number above the bar graph. Both the enamel volume 
and dentin volume were 20% less in the AmeloD KO molars than the WT molars. The ratio of Enamel 
/Dentin volume was similar. (E)The enamel density and the dentin density of 6-week-old WT and 
AmeloD KO molars. The densities of enamel or dentin were similar between WT molars and AmeloD 






Figure 5.          Chiba et al., 
 
Figure 5. Histological analysis and immunostaining of E-cadherin and Ki67 AmeloD 
KO and wild-type incisors. (A) H-E staining of developing WT (a-d) and AmeloD KO (e-h) 
molars. In the E13 molars, WT and AmeloD KO showed no difference in tooth bud size. In the E16 
and P1 molars, tooth germ size was slightly smaller in the AmeloD KO mice. In the P14 molars, enamel 
and dentin thickness were thinner in the AmeloD KO mice. The root width was narrower in the AmeloD 
KO molars.  (B) Immunostaining of E-cadherin in P1 WT and AmeloD KO incisors. (b, d): enlarged 
images. In the WT incisor, E-cadherin was not expressed in the IEE. In the AmeloD KO incisor, E-
cadherin expression was not decreased in the IEE cells. Green: E-cadherin, Blue: DAPI. Arrowheads 
indicate the IEE cells. (C) Immunostaining of Ki67 in P1 WT and AmeloD KO incisors. In the WT 
incisors, Ki67 was expressed in the IEE cells. In the AmeloD KO incisor, Ki67 expression was not 
decreased. Green: Ki67, Blue: DAPI. (D) Schematic diagrams of the expression pattern and function 
of AmeloD in WT and AmeloD KO incisors. cl: cervical loop, de: dental epithelium, dm: dental 
mesenchyme, iee: inner enamel epithelium, sr: satellite reticulum, am: ameloblasts, od: odontoblasts, 
dp: dental pulp. The dotted lines indicate the border between the dental epithelium and mesenchyme. 










Figure 6.          Chiba et al., 
 
Figure 6.  AmeloD promotes cell migration in dental epithelial cell line CLDE cells. 
(A) Hanging drop cultures of the Adeno-GFP or the Adeno-AmeloD infected CLDE cells. Cell 
spheroids were observed at 24 hour-culturing after the cells were dropped. The Adeno-GFP infected 
control cells developed a mass of spheroids. On the contrary, the Adeno-AmeloD infected cells failed 
to form a mass of spheroids, instead they formed less dense, smaller, and separated spheroids. Bar = 
1000µm. (B) The size of the largest spheroids in the each hanging drop. Adeno-AmeloD infected 
CLDE cells formed smaller spheroids, suggesting that spheroid formation was inhibited by AmeloD 
expression. n=10, p<0.05. (C) Wound healing assays for the Adeno-GFP or the Adeno-AmeloD 
infected CLDE cells. The Adeno-AmeloD infected CLDE cells migrated to greater extend when 
compared to the control cells. Scale bar, 50 µm. (D) Cell migration and wound closure areas in the 
Wound healing assay. The relative wound closure area was smaller for the Adeno-AmeloD infected 
CLDE cells than for the control cells. n=5, p<0.05. 
 28 
Figure 7.          Chiba et al., 
 
 Figure 7. AmeloD does not affect cell proliferation in dental epithelial cell line 
CLDE cells. (A) AmeloD mRNA expression levels in AmeloD and control mock vector transfected 
CLDE cells. AmeloD mRNA expression was much higher in AmeloD mRNA expression in the AmeloD 
transfected cells than the mock transfected cells expressed much higher levels of than the mock 
transfected cells. n=3, p<0.01. (B) Proliferation assay of AmeloD and mock transfected cells. The 
proliferation activity was detected as absorbance at 450 nm using a MMT kit (Dojindo). No obvious 
differences were observed between mock and AmeloD transfected CLDE cells. n=3, p>0.05. (C) EdU 
incorporation and staining in AmeloD and mock transfected CLDE cells. No obvious differences were 
evident with respect to EdU incorporation between AmeloD and mock transfected CLDE cells. Green: 
EdU, Blue: Hoechst. Scale bar, 50 µm. n=10, p>0.05. 
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Figure 8.          Chiba et al., 
 
Figure 8. Epfn expression in developing WT molars. Immunofluorescence staining analysis 
of Epfn in the WT E12, E14, E17, and P10 molars. Green: Epfn, Blue: DAPI. de: dental epithelium, 
dm: dental mesenchyme, iee: inner enamel epithelium, sr: satellite reticulum, am: ameloblast, od: 
odontoblasts, dp: dental pulp. The dotted lines indicate the borders between the dental epithelium and 















Figure 9.          Chiba et al., 
 
 
Figure 9. Epfn deficiency induces the epithelial-mesenchymal transition. (A) 
Immunostaining of E-cadherin and N-cadherin in E16 WT and Epfn KO molars. E-cadherin was 
expressed in the WT dental epithelia. In Epfn KO molars, E-cadherin expression was lower in the 
dental epithelia and N-cadherin, a mesenchyme marker, was detected in the dental epithelial region. 
(B) Immunostaining of Keratin 5 and vimentin in E16 WT and Epfn KO molars. Keratin 5 was 
expressed in the WT dental epithelia. In Epfn KO molars, Keratin 5 expression was lower in the dental 
epithelia and vimentin, a maker of the dental mesenchyme, was detected in the dental epithelium. de: 
dental epithelium, dm: dental mesenchyme, iee: inner enamel epithelium, sr: satellite reticulum. The 




Figure 10.          Chiba et al., 
 
Figure 10. Continuous AmeloD expression in Epfn KO teeth. (A) In situ hybridization of 
AmeloD in P7 WT and Epfn KO teeth. AmeloD mRNA was expressed in the dental epithelium of WT 
and Epfn KO incisors. In P7 WT mice, AmeloD mRNA was not detected in the 1st molar, whereas. 
AmeloD mRNA was detected in the IEE of the 2nd molar. (b), (d), (f), (h): enlarged. Purple: AmeloD. 
(B) Immunostaining of AmeloD in E17 WT and Epfn KO teeth. AmeloD protein expression was 
restricted in the IEE cells of WT incisor. In Epfn KO incisors, the cervical loop-like region showed 
random invasion, expressing AmeloD. In WT molars and expression of AmeloD. in the IEE cells. In 
Epfn KO molars, AmeloD was strongly expressed in the invaginating dental epithelia. (b), (d), (f), (h): 
enlarged. Green: AmeloD, Blue: DAPI. de: dental epithelium, dm: dental mesenchyme, iee: inner 
enamel epithelium, sr: satellite reticulum, am: ameloblast. Scale bar, 100 µm. 
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Figure 11.          Chiba et al., 
 
Figure 11. AmeloD deficiency reduces the teeth size and number in Epfn KO mice. 
(A) Photographic analysis of 3-month-old Epfn KO and AmeloD; Epfn KO mice. Epfn KO mice 
developed more than 20 erupted incisors. By contrast, AmeloD; Epfn KO mice erupted only one incisor 
at this age. Both Epfn KO mice and AmeloD; Epfn KO mice showed enamel hypoplasia. (B) X-ray 
photographic analysis of 3-month-old Epfn KO and AmeloD; Epfn KO mice. The upper and lower 
incisors mice were smaller in AmeloD; Epfn KO than in the Epfn KO incisors. Epfn KO molars 
developed short roots, whereas, AmeloD; Epfn KO molars did not form roots. The red line indicates 
the length of the incisors. Scale bar, 1000 µm. (C) Incisor lengths of 3-month-old Epfn KO and 
AmeloD; Epfn KO mice. The incisors were extracted and the length of the longest incisor was 
measured. The incisors were significantly smaller in the AmeloD; Epfn KO mice than in Epfn KO 
mice. n=5, p<0.05. (D) Micro-CT analysis of 6-week-old Epfn KO and AmeloD; Epfn KO heads and 
upper incisors. The ratio of the volume (AmeloD; Epfn KO/Epfn KO) is shown as the number above 
the bar graph. The incisors were smaller in AmeloD; Epfn KO mice than in the Epfn KO mice, and the 
number of multiple teeth was reduced. Scale bar, 1000 µm. (E) Total dentin volume of Epfn KO and 
AmeloD; Epfn KO incisors and molars. The total dentin volume in the incisors was 90% less in 
AmeloD; Epfn KO mice than that in the Epfn KO mice. The total dentin volume of molars was 50% 
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Figure 12. Histological analysis of Epfn KO and AmeloD; Epfn KO teeth. (A) H-E 
staining of P1 Epfn KO and AmeloD; Epfn KO teeth. In the Epfn KO incisors, the cervical loop area 
was expanded to the mesenchymal region to form multiple incisors. In the AmeloD; Epfn KO incisors, 
the expansion of the epithelium was inhibited. In the Epfn KO molars, the dental epithelium showed 
random invagination to form multiple brunching. However, in AmeloD; Epfn KO molars this random 
invasion was inhibited. Scale bar, 100µm (B) Immunofluorescence staining analysis of E-cadherin in 
P1 Epfn KO and AmeloD; Epfn KO molars. In the Epfn KO molar, the IEE cells did not express E-
cadherin. On the contrast, AmeloD; Epfn KO molars expressed E-cadherin in the presumptive IEE 
cells. The dashed lines indicate the presumptive inner enamel epithelium. (C) A schematic model of 
the AmeloD function in dental epithelium invasions into the mesenchyme during multiple tooth 
formation in Epfn KO and AmeloD; Epfn KO molars. A. de: dental epithelium, dm: dental 




















Table 1. Primer sequences for genotyping. 
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